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Long-term effects of developmental conditions on
health, longevity and other fitness components in
humans are drawing increasing attention. In
evolutionary ecology, such effects are of similar
importance because of their role in the trade-off
between quantity and quality of offspring. The
central role of energy consumption is well docu-
mented for some long-term health effects in
humans (e.g. obesity), but little is known of the
long-term effects of rearing conditions on energy
requirements later in life. We manipulated the
rearing conditions in zebra finches (Taeniopygia
guttata) using brood size manipulation and cross-
fostering. It has previously been shown in this
species that being reared in a large brood has
negative fitness consequences, and that such
effects are stronger in daughters than in sons. We
show that, independent of mass, standard meta-
bolic rate of 1-year-old birds was higher when
they had been reared in a large brood, and this is
to our knowledge the first demonstration of such
an effect. Furthermore, the brood size effect was
stronger in daughters than in sons. This suggests
that metabolic efficiency may play a role in
mediating the long-term fitness consequences of
rearing conditions.
Keywords: metabolic programming;
metabolic syndrome; brood size manipulation;
developmental stress; Taeniopygia guttata
1. INTRODUCTION
In many species, including humans, offspring with low
birth weight, low growth rate and/or low mass at
independence have lower fitness prospects, and effects
of developmental conditions can persist well into
adulthood (Gebhardt-Henrich & Richner 1998;
Lindstro¨m 1999; Lummaa & Clutton-Brock 2002).
This well-documented phenomenon is the cause of
the trade-off between quantity and quality of offspring,
which is one of the cornerstones of life-history theory
(Lessells 1991). However, despite its importance in
life-history evolution, the mechanisms underlying
growth effects on fitness prospects are not well known.
The importance of long-term consequences of
developmental conditions has increasingly been
recognized in the medical and biological sciences in
recent years (e.g. Bateson et al. 2004; Gluckman et al.
2005). Although human studies on the physiological
consequences of perinatal conditions revolve around
energy metabolism (Desai & Hales 1997), the long-
term effects of nutritional stress during development
on metabolic rate and energy requirements later in
life have been less studied in both humans and
animals. However, individuals with higher metabolic
rates will have to invest more into foraging and are
potentially more vulnerable to fluctuations in food
availability and environmentally triggered increased
energy demands (e.g. climatic or social challenges).
Thus, long-term effects of rearing conditions on
energy requirements could substantially affect fitness.
We investigated the long-term effect of the rearing
environment on standard metabolic rate (SMR) in
zebra finches (Taeniopygia guttata). We measured SMR
in resting post-absorptive birds at night, but at a
temperature below the lower critical temperature. SMR
constitutes a large part of total energy consumption,
and is highly variable within populations (Speakman
et al. 2003). What causes this variation is poorly under-
stood, but SMR is a repeatable trait (e.g. Rønning et al.
2005), indicating that SMR is an individual charac-
teristic that may be susceptible to genetic and environ-
mental effects. To study the effects of developmental
conditions, we manipulated brood size, which has
previously been shown to modify growth in the nest and
lifespan of offspring after independence (Deerenberg
et al. 1996; de Kogel 1997). In zebra finches, daughters
are more susceptible to nutritional stress than sons,
either when induced using brood size manipulation
(de Kogel 1997), or through food rationing (Martins
2004), and we therefore also compared the brood size
effects on SMR between the sexes.
2. MATERIAL AND METHODS
We used wild-type outbred zebra finches, housed in 80!40!
40 cm cages on a 13.30 : 10.30 h L : D (lights on at 7:00 h)
schedule at 20–22 8C and 35–50% humidity. All birds had ad
libitum access to commercial tropical seed mixture, drinking water
and cuttlebone supplemented three times a week with 3–4 g of egg
food per bird, twice a week with branches of millet, and once a
week with germinated tropical seeds. Chicks of 14 breeding pairs
were cross-fostered when they were 3.9G1.6 days old to form eight
small (2 or 3 chicks) and six large (5 or 6 chicks) broods. All chicks
were cross-fostered, and there were no sibs within broods. There
was some chick mortality before day 10 (two from small and one
from large broods), and we used the brood size at day 10 to
characterize the rearing conditions. Chicks were housed with their
foster parents until independence (age 34.2G3.4 days), then in
mixed-sex groups of four birds together with an adult male until
age 70.2G3.4 days. Subsequently, the birds were housed in single-
sex groups of 4 or 5 birds per cage. The 43 subjects (19 from small
broods; 24 from large broods) were 13 months old when SMR was
measured. Birds were reared in Leiden (The Netherlands) and
moved to Groningen (The Netherlands) for the respirometry
measurements, where they were housed under similar conditions
and in the same social groups as in Leiden. Metabolic measure-
ments started one week after the birds arrived in Groningen.
Metabolic rate was measured as described by Verhulst et al.
(2005). SMR was defined as the lowest hourly running mean.
Ambient temperature in the metabolic chambers was 22.16 8C
(s.d.Z0.30), which was within the range normally experienced in
the holding cages. Birds were weighed when moved into and out of
the metabolic chambers, and we used the mean of these values to
indicate mass. Birds were placed in the (dark) metabolic chamber
at 17:50 G84 min. Metabolic rate was measured for two nights in
each bird; the interval between successive measurements was
5.1 days (G1.0 day, range 4–7 days). SMR was independent of
ambient temperature, the time birds were placed in the metabolic
chamber, and (for the second measurement) the number of days
elapsed between successive measurements. These variables were
ignored in the analyses.
Received 2 March 2006
Accepted 4 May 2006
478 q 2006 The Royal Society
 on 31 July 2009rsbl.royalsocietypublishing.orgDownloaded from 
SMR depends on mass, which in turn is determined by body size
and nutritional stores. However, effects of size (as estimated using
tarsus length) and residual mass (residuals of regression of mass on
size) on SMR were indistinguishable (analysis not shown). For
simplicity, we therefore did not separate between size and ‘condition’
effects but simply corrected SMR for mass. Other measures of body
size, such as wing length and beak dimensions, did not explain
additional variation in mass (or SMR), and were therefore ignored.
Data were analysed using general linear mixed models
(GLMMs), with ‘individual’ as random effect to accommodate the
fact that the two measurements made on each individual cannot be
considered statistically independent samples. For the same reason,
we tested foster nest and nest of origin as random effect in the
analyses. Repeatability was calculated following Lessells & Boag
(1987), and the standard error (s.e.) of the repeatability was
calculated following Becker (1984).
3. RESULTS
Repeatability (r) of SMR was high at 0.77 (s.e.Z
0.06, F42,43Z7.82, p!0.001). SMR depends on
mass, which was highly repeatable, but repeatability
remained high when SMR was corrected for mass
(residuals of a regression of SMR on mass: rZ0.55,
s.e.Z0.11, F42,43Z3.48, p!0.001). This confirms
that individuals used in this study could be charac-
terized by their SMR, at least over the modest time-
scale of our measurements.
SMR was higher in birds reared in large broods
when compared to birds reared in small broods
(F1,43Z7.7, p!0.01, GLMM including individual as
random effect). Expansion of this model with other
potentially relevant parameters did not change the
results (table 1). SMR was significantly lower during
the second measurement, but the brood size effect
was independent of measurement number (i.e. there
was no significant brood size!measurement number
interaction). SMR was strongly dependent on mass,
but the brood size effect on SMR cannot be explained
by effects of mass. Firstly, mass during the SMR
measurements was independent of manipulated brood
size (F1,43Z1.0, pZ0.3). Body composition could
depend on manipulated brood size, e.g. when birds
reared in large broods were small but were fat as
adults, but tarsus length at adulthood, a reliable
measure of body size, was independent of brood size
(F1,41Z1.5, pZ0.2). Secondly, the effect of brood size
on SMR remained significant when mass was
included in the mixed model (figure 1), and there was
no interaction between brood size and mass (table 1).
There was no sex difference in mass or size (tarsus
length), and no significant effect of sex on SMR when
added to the model (table 1). However, the brood size
effect on SMR was stronger in daughters than in sons
(figure 2; when added to the model in table 1, sex:
F1,41Z2.95, pZ0.09, sex!brood size interaction:
F1,41Z4.09, p!0.05).
4. DISCUSSION
In adult birds of 1 year of age, SMR was approximately
9% higher in birds that had been reared in large broods
when compared to birds reared in small broods
(figure 1). To our knowledge, this is the first study to
demonstrate a long-term effect of rearing conditions on
metabolic efficiency independent of mass. (Vickers et al.
(2000) reported a comparable effect using rodents, but
their finding may be explained by the long-term effects
of rearing conditions on mass that they also found.)
The fact that effects on SMR persisted into adulthood
suggests that early post-natal conditions can induce
different metabolic phenotypes. The nestling phase
seems to be a critical period during development
when arising effects of rearing conditions are (at least
partly) irreversible. Fitness consequences of rearing
conditions may differ between the sexes (Trivers &
Willard 1973; Ra˚berg et al. 2005), and in the zebra
finch it has been found that daughters are more
susceptible to nutritional stress than sons (de Kogel
1997; Martins 2004). In line with these findings, we
show that the brood size effect on SMR was signi-
ficantly stronger in daughters (figure 2). Thus, our
results indicate that long-term brood size effects on
metabolic rate may be part of the mechanism causing
the effects of brood size on fitness prospects.
Development of a functional explanation (Cuthill
2005) for the brood size effect on SMR is hampered by
our lack of knowledge of the functional consequences
mass (g)
























Figure 1. SMR (W ) in relation to mass and manipulated
natal brood size (open circles: small broods, 2 or 3 chicks;
filled circles: large broods, 5 or 6 chicks). Data shown are
the averages per individual over the first and second
measurement.
Table 1. Results of the general linear mixed model analysis of
SMR (W ). (Series indicates first/second measurement (0 and
1, respectively). Sex is a dummy variable (0, female; 1, male).
Top panel shows the model with all significant parameters,
bottom panel shows the parameters that were not significant
when added to the final model. Note that the significance of
the effect of sex changes when the brood size!sex interaction
is added together with sex—see text for details.)





2.41 (41, 41) !0.005
series K0.013 (0.005) 7.29 (1, 41) 0.01
mass (g) 0.019 (0.003) 54.0 (1, 41) !0.001
brood size 0.012 (0.004) 8.89 (1, 41) !0.005
rejected terms
sex K0.01 (0.01) 0.89 (1, 41) 0.4
brood size!mass 0.002 (0.002) 1.3 (1, 40) 0.3
brood size!series 0.003 (0.004) 0.50 (1, 40) 0.5
foster brooda 1.2 (12, 41) 0.3
birth nest
a
1.0 (12, 41) 0.4
a
Entered as random effect.
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of SMR variation (Williams & Ve´zina 2001; Speakman
et al. 2004a). However, earlier data showed that birds
reared in large broods (that we found to have a high
SMR) live for a shorter time (de Kogel 1997).
Furthermore, the brood size effect on SMR was found
to be significantly stronger in daughters, in agreement
with the sexual difference in brood size effect on lifespan
(de Kogel 1997). However, our finding that a high
SMR is associated with low-fitness prospects is inferred
from the combination of different brood size manipu-
lation studies, and there is a need for data that enable a
direct test for an association between SMR and long-
evity. The negative association between SMR and long-
evity that emerges from our study in combination with
the results of de Kogel (1997) contrasts with recent
work on mice, where a positive association between
SMR and lifespan was found (Speakman et al. 2004b).
Understanding the causes of the taxonomic variation in
these associations poses a challenge that could be an
important step towards a better understanding of the
relationship between lifespan and energy consumption.
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Figure 2. Residual SMR (W, Cs.e.) in relation to sex and
manipulated brood size. Statistical analysis was based on
raw data, but the averages shown here were calculated as
follows: (i) residuals of regressions of SMR on mass were
calculated separately for the first and second measurement,
(ii) the mean residual was calculated per individual, and
(iii) these means were averaged per group. From left to
right, nZ6, 8, 13 and 16.
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